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Abstract 29
Malaria transmission requires Plasmodium parasites to successfully infect a female Anopheles 30 mosquito, surviving a series of robust innate immune responses. Understanding how parasites evade 31 these responses can highlight new ways to block malaria transmission. We show that ookinete and 32 sporozoite surface protein PIMMS43 is required for Plasmodium ookinete evasion of the Anopheles 33 coluzzii complement-like system and for sporogonic development in the oocyst. Disruption of P. 34 berghei PIMMS43 triggers robust complement activation and ookinete elimination upon mosquito 35 midgut traversal. Silencing the complement-like system restores ookinete-to-oocyst transition. 36 Antibodies that bind PIMMS43 interfere with parasite immune evasion when ingested with the 37 infectious blood meal and significantly reduce the prevalence and intensity of infection. PIMMS43 38 genetic structure across African P. falciparum populations indicates allelic adaptation to sympatric 39 vector populations. These data significantly add to our understanding of mosquito-parasite 40
interactions and identify PIMMS43 as a target of interventions aiming at malaria transmission 41 blocking. 42 43 Author summary 44 Malaria is a devastating disease transmitted among humans through mosquito bites. Mosquito 45 control has significantly reduced clinical malaria cases and deaths in the last decades. However, as 46 mosquito resistance to insecticides is becoming widespread impacting on current control tools, such 47 as insecticide impregnated bed nets and indoor spraying, new interventions are urgently needed, 48 especially those that target disease transmission. Here, we characterize a protein found on the 49 surface of malaria parasites, which serves to evade the mosquito immune system ensuring disease 50 transmission. Neutralization of PIMMS43, either by eliminating it from the parasite genome or by 51 pre-incubating parasites with antibodies that bind to the protein, is shown to inhibit mosquito 52 infection by malaria parasites. Differences in PIMMS43 detected between malaria parasite 53 populations sampled across Africa suggest that these populations have adapted for transmission by 54 different mosquito vectors that are also differentially distributed across the continent. We conclude 55 that interventions targeting PIMMS43 could block malaria parasites inside mosquitoes before they 56 can infect humans. 57 Introduction 64 Enhanced vector control significantly reduced malaria cases in recent years and together with 65 effective medicines and better health care decreased the number of malaria-associated deaths. 66
However, these measures have reached their maximum capacity, as resistance to insecticides used 67 in bed-net impregnation and indoors residual spraying is now widespread and mosquito biting and 68 resting behaviors have changed in response to these measures. Therefore, additional tools for 69 malaria control are needed, especially ones that target disease transmission. 70
Mosquito acquisition of Plasmodium parasites commences when a female Anopheles mosquito 71 ingests gametocyte-containing blood from an infected person. In the mosquito midgut lumen, 72 gametocytes mature and produce gametes. Fertilization of gametes leads to zygotes that soon 73 develop to ookinetes and traverse the midgut epithelium. At the midgut basal sub-epithelial space, 74 ookinetes differentiate into replicative oocysts wherein hundreds of sporozoites develop within a 75 period of 1-2 weeks. Upon release into the haemocoel, sporozoites migrate to the salivary glands to 76 infect a new host upon a next mosquito bite. 77
Inside the mosquito, parasites are attacked by an array of immune responses [1, 2] . Most parasite 78 losses occur during the ookinete-to-oocyst transition [3, 4] . Ookinete traversal of the mosquito 79 midgut leads to activation of JNK (c-Jun N-terminal kinase) signaling, inducing apoptosis of the 80 invaded cells. This response involves various effectors including heme peroxidase 2 (HPX2) and 81 NADPH oxidase 5 (NOX5) that potentiate nitration of ookinetes that are henceforth marked for 82 elimination by reactions of the mosquito complement-like system [5, 6] . These reactions are 83 triggered upon ookinete exit at the midgut sub-epithelial space encountering the hemolymph that 84 carries the complement-like system. 85
The hallmark of the mosquito complement-like system is the C3-like factor, TEP1 [7, 8] . A 86 proteolytically processed form of TEP1, TEP1 cut , circulates in the hemolymph as a complex with 87 LRIM1 and APL1C [9, 10] . Upon parasite recognition, TEP1 cut is released from the complex and 88 attacks the ookinete triggering in situ assembly of a TEP1 convertase that locally processes TEP1 89 molecules that bind to the ookinete causing lysis and, in some cases, melanization [11] . These 90 reactions are regulated by CLIP-domain serine proteases and their inactive homologs [11, 12] . 91
Ookinete clearance is assisted by actin-mediated cellular responses of invaded epithelial cells [13] . 92
The characterization of Plasmodium falciparum Pfs47 as a key player in parasite evasion of the 93 mosquito complement-like response has opened new avenues to dissect the mechanisms parasites 94 employ to endure or indeed evade the mosquito immune response. GPI-anchored Pfs47 is shown to 95 interfere with activation of JNK signaling, aiding ookinetes to escape nitration and subsequent 96 complement-mediated attack [14, 15] . This function is shared by the Pfs47 ortholog in the rodent 97 malaria parasite Plasmodium berghei [16] , which was earlier thought to be solely involved in 98
fertilization [17] . 99
Our transcriptomic profiling of field P. falciparum isolates from Burkina Faso in the midgut of 100 sympatric A. coluzzii (previously Anopheles gambiae M form) and Anopheles arabiensis 101 mosquitoes (unpublished) and a laboratory P. berghei strain in the midgut of A. coluzzii [18] 102 identified hundreds of genes exhibiting conserved and differential expression during gametocyte to 103 oocyst development. Several of them encoding putatively secreted or membrane-associated proteins 104
were made part of a screen to identify genes that function during parasite infection of the mosquito 105 midgut. These genes were given a candidate gene number preceded by the acronym PIMMS for 106
Plasmodium Infection of the Mosquito Midgut Screen. We previously characterized PIMMS2 that 107 encodes a subtilisin-like protein involved in midgut traversal [19] . Here, we report the 108 characterization of P. falciparum and P. berghei PIMMS43 that encodes a membrane-bound protein 109
found on the surface of ookinetes and sporozoites. conserved pair of cysteine residues adjacent to the C-terminus ( Figure S1 ). PbPIMMS43 exhibits a 137 68% sequence identity with orthologs in other rodent parasites, i.e. P. yoelii and P. chabaudi, and 138
27% and 24% with P. falciparum and P. vivax PIMMS43, respectively. PfPIMMS43 and 139
PvPIMMS43 contain a 60-180 non-conserved amino acid insertion with no obvious sequence 140 similarity between them, which are therefore likely to have occurred independently. Another 141
shorter, non-conserved insertion towards the C-terminus of P. vivax and P. knowlesi PIMMS43 142
includes tandem repeats of Glycine-Serine-Glutamine-Alanine-Serine (GSQAS). 143
PIMMS43 transcription profiles and protein expression 144
DNA microarray profiling of A. coluzzii and A. arabiensis midguts infected with P. falciparum field 145 isolates in Burkina Faso revealed that PfPIMMS43 (referred to in figures as Pfc43) shows 146 progressively increased transcription that peaks 24 hours post mosquito blood feeding (hpbf; 147 Figure 1A , left panel). These data were corroborated by laboratory P. falciparum NF54 infections 148 of A. coluzzii using RT-PCR (Figure 1A, right panel) . Low levels of PfPIMMS43 transcripts were 149 also detected in in vitro cultured gametocytes but not in in vitro cultured asexual blood stage (ABS) 150 parasites, indicating that PfPIMMS43 transcription begins in gametocytes and peaks in zygotes and 151 ookinetes. Transcripts were not detected in oocysts 10 days post mosquito blood feeding but 152 reappeared in mosquito salivary glands, indicative of PfPIMMS43 re-expression in sporozoites. 153
We examined whether the P. berghei PIMMS43 ortholog (referred to in figures as Pbc43) shows 154 expression profile similar to PfPIMMS43, using quantitative real-time RT-PCR (qRT-PCR; Figure  155 1B, left panel) and RT-PCR (Figure 1B, right panel) . In these assays, we used the P. berghei line 156
ANKA507m6cl1 that constitutively expresses GFP [22] , hereafter referred to as c507, as well as the 157 non-gametocyte producing ANKA 2.33 (NGP) as a control in the RT-PCR assay. The results 158 revealed low levels of PbPIMMS43 transcripts in mixed blood stages (MBS) and purified c507 159 gametocytes, which together with absence of transcripts from NGP MBS indicated that 160
PbPIMMS43 transcription begins in gametocytes, similar to PfPIMMS43. Also similar to 161
PfPIMMS43, PbPIMMS43 transcript levels were very high 24 hpbf as well as in purified in vitro 162 produced ookinetes, indicating high PbPIMMS43 transcription in ookinetes. Lower transcript levels 163 were detected 2 days post blood feeding (dpbf), presumably due to ookinetes retained in the blood 164 bolus and the midgut epithelium and/or low-level expression in young oocysts. No PbPIMMS43 165 transcripts were detected in mature oocysts 10 dpbf, but strong PbPIMMS43 re-expression was 166 observed in salivary gland sporozoites. These data together indicate that P. falciparum and P. 167 berghei PIMMS43 exhibit similar transcription patterns starting in gametocytes, peaking in 168 ookinetes, pausing in oocysts and restarting in salivary gland sporozoites. 169
To investigate PbPIMMS43 protein expression, we raised rabbit polyclonal antibodies against a 170 codon-optimized fragment of the protein (amino acids 22-327) expressed in E. coli cells (α-171
Pbc43 opt ), and a native protein fragment (amino acids 22-331) expressed in insect Spodoptera 172 frugiperda Sf9 cells (α-Pbc43 Sf9 ). Both recombinant proteins lacked the predicted signal peptide 173 and C-terminal transmembrane domain. We also generated a genetically modified c507 P. berghei 174 line, designated Δc43, where 50% of the PbPIMMS43 coding region was replaced with a modified 175
Toxoplasma gondii pyrimethamine resistance expression cassette (TgDHFR; Figure S2A ). 176
Integration of the disruption cassette was confirmed by PCR and pulse field gel electrophoresis 177 (Figure S2B-C) . RT-PCR assays confirmed that PbPIMMS43 transcripts could no longer be 178 detected in gametocytes, ookinetes and sporozoites of the Δc43 line that was henceforth used as a 179 negative control in protein expression experiments (Figure 1B, right panel) . Western blot analysis 180 was performed in total, triton-soluble protein extracts prepared under reducing conditions from 181 MBS, purified gametocytes and in vitro cultured ookinetes of the c507 and Δc43 P. berghei lines 182
( Figure 1C) . Two clear bands of approximately 37 and 75 kDa were detected in ookinete extracts 183 of the c507 line. The former band matches the predicted molecular weight of PbPIMMS43 184 monomer and the latter band could correspond to PbPIMMS43 dimer, either a homodimer formed 185 upon disulfide bonding of the conserved pair of cysteine residues or a heterodimer. Indeed, under 186 strong reducing conditions, the 75 kDa was resolved in a single 37 kDa band whereas under non-187 reducing conditions only the 75 kDa could be detected ( Figure 1D ). This assay was combined with 188 membrane-fractionation of total in vitro ookinete extracts, which revealed that both bands were only 189 observed in the insoluble fraction and the fraction solubilized by triton, but not in the soluble (triton 190 non-treated) fraction. These data indicate membrane association of PbPIMMS43, in accordance 191
with the prediction of a transmembrane domain and a GPI anchor. 192 We also raised a rabbit polyclonal antibody against a codon-optimized coding fragment of P. 193 falciparum PIMMS43 (amino acids 25-481) expressed in E. coli cells and lacking the predicted 194 signal peptide and C-terminal transmembrane domain (α-Pfc43 opt ). We examined the affinity and 195 specificity of this antibody by generating and using a P. berghei c507 transgenic line (Pb Pfc43 ) 196
where PbPIMMS43 was replaced by PfPIMMS43 ( Figure S3A) . PCR genotypic analysis confirmed 197 successful modification of the endogenous PbPIMMS43 genomic locus ( Figure S3B) , and analysis confirmed that PfPIMMS43 is transcribed in in vitro cultured P. berghei ookinetes ( Figure  199 S3C). Western blot analysis of total protein extracts prepared from purified in vitro cultured Pb Pfc43 200 ookinetes using the α-Pfc43 opt antibody revealed a strong band of approximately 60 kDa, 201
corresponding to the predicted molecular weight of the deduced PfPIMMS43 protein (Figure S3D ).
202
This band was absent from c507 and Δc43 protein extracts confirming the specificity of the α-203
Pfc43 opt antibody. It is noteworthy that, in contrast to what was observed with the PbPIMMS43 204 protein, the results did not show dimerization of the ectopically expressed PfPIMMS43 protein 205 when the analysis was done under non-reducing conditions (Figure S3D) . 206
PIMMS43 protein sub-cellular localization 207
We used the α-Pfc43 opt antibody in indirect immunofluorescence assays to investigate the sub-208 cellular localization of PfPIMMS43 in P. falciparum NF54 parasite stages. Antibodies against the 209 female gametocyte and ookinete surface protein Pfs25 and the sporozoite surface protein PfCSP 210 (Circumsporozoite protein) were used as stage-specific controls. The results showed that 211 PfPIMMS43 prominently localizes on the surface of female gametocytes or early stage zygotes 212 found in the A. coluzzii blood bolus 1 hpbf, as well as on the surface of ookinetes traversing the 213 mosquito midgut epithelia and sporozoites found in the mosquito salivary gland lumen at 25 hpbf 214 and 16 dpbf, respectively (Figure 2A) . No staining with the α-Pfc43 opt antibody was observed in in 215 vitro cultured ABS or gametocytes (data not shown) suggesting that expression of PfPIMMS43 216 protein starts after fertilization. No signal was detected with the α-Pfc43 opt rabbit pre-immune serum 217
that was used as a negative control. 218
Immunofluorescence assays of P. berghei c507 and control Δc43 parasite stages using the α-219
Pbc43 opt antibody revealed that, similarly to its P. falciparum ortholog, PbPIMMS43 localizes on 220 the surface of A. coluzzii midgut-traversing ookinetes and salivary gland sporozoites (Figure 2B) . 221 For the control Δc43 line, which as reported below does not develop beyond the ookinete stage, 222 sporozoites were obtained from infections of LRIM1 knockdown (kd) mosquitoes (see below). Like 223
PfPIMMS43, and despite the presence of transcripts, no signal was detected in gametocytes. Also, 224
no PbPIMMS43 signal was detected in early stage zygotes present in the blood bolus 1 hpbf, 225
suggesting that translation starts later during ookinete development. In both species, the protein was 226 detectable on the surface of 2-day old oocysts found on the A. coluzzii midgut cell wall and 227 reappeared in sporozoites found in mature P. falciparum oocysts 11 dpbf and P. berghei oocysts 15 228 dpbf ( Figure S4) . 229
Phenotypic characterization of P. berghei lacking PIMMS43 230
We phenotypically characterized the P. berghei Δc43 line generated as described above. Consistent 231 with the PbPIMMS43 expression data, Δc43 parasites exhibited normal development in mouse 232 blood stages (data not shown). Both, male gametocyte activation, as measured by counting 233 exflagellation centers ( Figure 3A) , and macrogametocyte-to-ookinete conversion rate, both in vitro 234 and in the A. coluzzii midgut lumen (Figure 3B) , were comparable to the c507 parental line, 235
indicating that no developmental defects are accompanying the parasite gametocyte-to-ookinete 236 developmental transition. However, no oocysts were detected in A. coluzzii midguts at 3, 5, 7 or 10 237 dpbf, indicating complete abolishment of oocyst formation ( Figure 3C , Table S1 ). Thus, oocyst 238 and salivary gland sporozoites were never observed, and transmission to mice following mosquito 239 bite-back was abolished (Table S2) . 240
To validate the specificity of this phenotype, we reintroduced PbPIMMS43 into the Δc43 locus by 241
replacing the TgDHFR gene cassette with the PbPIMMS43 coding sequence flanked by its 5ʹ and 3ʹ 242 untranslated regions (UTRs) and followed by the human DHFR gene cassette ( Figure S5A ). 243
Successful integration was confirmed with PCR ( Figure S5B ). Phenotypic characterization of the 244 resulting Δc43::c43 wt parasite line in A. coluzzii infections showed that oocyst development was 245 fully restored ( Figure S5C , Table S1 ). 246
These data were in disagreement with those reported previously, which showed that PSOP25 247 knockout (ko) parasites exhibit reduced ookinete conversion rates and defective ookinete 248 maturation [21] . To investigate this discrepancy, we generated a new PIMMS43 ko (Δc43 red ) line in 249 the 1804cl1 (c1804) P. berghei line that constitutively expresses mCHERRY [23], using the same 250 disruption vector (PbGEM-042760) as the one used by the authors of the previous study, which 251 leads to 74% removal of the gene coding region (Figure S6A-B) . Phenotypic analysis showed that 252
Δc43 red parasites show normal ookinete conversion rates both in vitro and in A. coluzzii infections 253 but produced no oocysts (Figure S6C) , a phenotype identical to that of the Δc43 line. Similar 254 results were obtained in infections of A. stephensi, the vector of choice in the previous studies 255
( Figure S6D) . Interestingly, the number of oocysts in A. stephensi infections was very small but not 256 zero. This is consistent with the findings by , as well as with the 257 general understanding that the A. stephensi Nijmegen strain, which was genetically selected for high 258 susceptibility to parasite infections [24] , has a less robust immune response than A. coluzzii. 259
Nonetheless, no sporozoites were detected in the A. stephensi midgut 15 dpbf ( Figure S6E) . 260
Δc43 ookinete killing by the mosquito complement-like response 261
We examined whether the PIMMS43 ko phenotype was due to defective ookinete motility and, 262 hence, capacity to invade or traverse the mosquito midgut epithelium. Ookinete motility assays 263
showed that Δc43 ookinetes moved on Matrigel with average speed that was not significantly 264 different from c507 ookinetes (Figure 3D) . 265
Next, a potential defect in midgut epithelium invasion and traversal was assessed in infections of A. 266
coluzzii where CTL4 (C-type lectin 4) was silenced by RNA interference. CTL4 kd leads to 267 melanization of ookinetes at the midgut sub-epithelial space upon epithelium traversal providing a 268 powerful means to visualize and enumerate ookinetes that successfully traverse the midgut 269 epithelium. The number of Δc43 melanized ookinetes was comparable to that of the c507 line that 270 was used as control ( Figure 3E , Table S3 ), indicating that Δc43 ookinetes successfully traverse the 271 midgut epithelium but fail to transform to oocysts. 272 A similar phenotype was previously reported for P47 ko parasites that are eliminated by mosquito 273 complement-like responses upon emergence at the midgut sub-epithelial space [16] . To examine 274
whether the same applies to Δc43 parasites, we infected A. coluzzii mosquitoes in which genes 275 encoding two major components of the complement-like system, TEP1 and LRIM1, were 276
individually silenced. Enumeration of oocysts 10 dpbf, and comparison with control mosquitoes 277 injected with LacZ double stranded RNA, revealed that Δc43 oocyst development was partly 278 restored in both TEP1 and LRIM1 kd mosquitoes ( Figure 4A , Table S4 ). 279
We investigated whether ookinete attack by the complement-like response is responsible for the 280 observed Δc43 phenotype by staining midgut tissues of A. coluzzii mosquitoes infected with control 281 c507 or Δc43 parasites with antibodies against P28 and TEP1 at 28-30 hpbf. Whilst P28 is found on 282 the surface of all ookinetes, both live and dead, TEP1 only binds ookinetes targeted for elimination 283
[7]. The results showed that 86% of Δc43 ookinetes showed TEP1 staining, which was significantly 284
higher than the 79% of c507 ookinetes showing TEP1 staining (P<0.005; Figure 4B , Table S5 ). 285
Together these data indicate that absence of PIMMS43 does not affect the capacity of ookinetes to 286 invade and traverse the mosquito midgut epithelium; instead, it is required for evasion of the 287 mosquito complement-like response. The observations that Δc43 oocyst numbers are still inferior to 288 wt parasite oocyst numbers in TEP1 and LRIM1 kd mosquitoes and that TEP1 binding is not solely 289 responsible for the almost full attrition of ookinete-to-oocyst transformation suggest that immune 290 responses additional to the complement-like response mediate the killing of Δc43 ookinetes. Indeed, 291
it has been previously shown that some dead ookinetes in the midgut epithelium are not bound by 292 TEP1, indicating alternative means employed by the mosquito to kill Plasmodium ookinetes [7]. 293
Other mosquito immune factors, such as fibrinogen-related proteins (FREPs or FBNs) and LRRD7, 294 are also important for midgut infection [25, 26] . Of these, FBN9 is shown to co-localize with 295 ookinetes in the midgut epithelium, probably mediating their death [26] . Any such mechanism 296 employed by the mosquito to kill Δc43 ookinetes would have to be TEP1-independent. Since TEP1 297 binding is potentiated by prior marking of ookinetes by effector reactions of the JNK pathway [5, 298 6], it is plausible that Δpbc43 ookinetes are excessively marked for death either by the same 299 mechanism observed for Pfs47 null mutants or an independent mechanism. Nonetheless, all the 300 above scenarios suggest that PIMMS43, like P47, directly interfere with the mosquito immune 301 response promoting ookinete survival. Alternatively, PIMMS43 may confer a fitness advantage to 302 ookinetes, allowing them to endure the mosquito immune response, therefore mediating indirect 303 evasion of the immune system. 304
Oocyst development and sporozoite infectivity of Δc43 parasites 305
We observed that rescued Δc43 oocysts in LRIM1 or TEP1 kd mosquitoes were morphologically 306 variable and smaller in size compared to c507 oocysts (Figure 4C) . At 14 and 16 dpbf the average 307
Δc43 oocyst diameter was 20.1 and 17.2 µm compared to 27.4 and 30.9 µm of c507 oocysts, 308 respectively ( Figure 4D ). All pairwise comparisons were statistically significant and revealed that 309 the mean Δc43 oocyst diameter at 16 dpbf was smaller than 14 dpbf, indicating progressive 310 degeneration of Δc43 oocysts. Similar data were obtained with TEP1 kd mosquitoes (data not 311 shown). In addition, Δc43 oocysts in LRIM1 and TEP1 kd mosquitoes yielded a very small number 312 of midgut and salivary gland sporozoites compared to c507 oocysts, and the ratio of salivary gland 313
to midgut sporozoites was significantly smaller for Δc43 compared to control c507 parasites (Table  314 S6). The few Δc43 sporozoites that reached the salivary glands could not be transmitted to mice by 315 mosquito bite. 316
These data suggested that Δc43 parasites are defective not only with respect to ookinete toleration 317 of the mosquito complement-like response but also with sporozoite development and infectivity. 318
We investigated whether bypassing midgut invasion, a process in which ookinetes are marked for 319 elimination by complement-like reactions, could rescue Δc43 sporozoite development and 320 transmission to a new host. In vitro produced Δc43 and control c507 ookinetes were injected into 321 the haemocoel of A. coluzzii mosquitoes, and sporozoites found in the mosquito salivary glands 21 322
days later were enumerated. The results revealed that no Δc43 sporozoites could be detected in the 323 mosquito salivary glands, and consequently, mosquitoes inoculated with Δc43 ookinetes could not 324 transmit malaria to mice, in contrast to mosquitoes inoculated with c507 ookinetes (Table S7) . 325 These data confirmed that PbPIMMS43 has an additional, essential function in sporozoite 326 development. 327
Next, we investigated whether PfPIMMS43 could complement the function of its P. berghei 328 ortholog, by infecting naïve A. coluzzii mosquitoes with the Pb Pfc43 parasite line and counting the 329 number of oocysts detected in the mosquito midguts. Infections with c507 and Δc43 parasites 330 served as positive and negative controls, respectively. The results showed that the Pb Pfc43 line 331 exhibited an intermediate phenotype compared to c507 and Δc43 both in terms of both infection 332 prevalence and intensity ( Figure S3E , Table S4 ). Oocysts were morphologically variable and 333 smaller in size compared to c507 oocysts and produced a very small number of midgut and salivary 334 gland sporozoites (data not shown), resembling the phenotype obtained with Δc43 infections 335 following silencing of the mosquito complement-like system. We examined whether this partial 336 complementation phenotype could be affected upon LRIM1 silencing. Indeed, a significant increase 337 in both the infection prevalence and oocyst numbers was observed ( Figure S3E , Table S4 ), yet 338 oocysts remained small and morphologically variable and produced few sporozoites (data not 339 shown). These results suggest that PfPIMMS43 can only partly complement the function of its 340
PbPIMMS43 ortholog and corroborate the dual function of PIMMS43 in ookinete to oocyst 341 transition and in oocyst maturation and sporozoite development, respectively. 342
RNA sequencing of Δc43 parasites and mosquito responses 343
We carried out RNA next generation sequencing of P. berghei Δc43 and c507 infected A. coluzzii 344 midguts at 1 and 24 hpbf to investigate the molecular basis of the Δc43 phenotype during mosquito 345 midgut infection. P. berghei and A. coluzzii transcriptomes were processed separately, and 346 comparatively analyzed at each time point for each parasite line (Figure 5 ; Dataset S1). Three 347 independent biological replicates and three technical replicates for each biological replicate were 348 performed. 349
At 1 hpbf, when asexual parasite stages and gametocytes are sampled from the mosquito blood 350 bolus, almost all 17 changes registered between Δc43 and c507 parasites concerned genes belonging 351 to multigene families (pir, fam-a and fam-b) and 28S ribosomal RNA subunits, which are thought to 352 exhibit differential expression between clonal parasite lines (Figure 5A, left panel) . PbPIMMS43  353 was downregulated in the Δc43 line, consistent with its transcription in gametocytes. However, as 354 many as 163 genes were differentially regulated between the Δc43 and c507 parasites at 24 hpbf, of 355 which 137 were downregulated (41 at least 2-fold) and 26 were upregulated (9 at least 2-fold) 356
( Figure 5A, right panel) . Gene ontology (GO) analysis revealed several biological processes and 357 three cellular component terms that were significantly enriched in the differentially regulated gene 358 set ( Table S8 ). All GO terms were related to host-parasite interactions, including micronemal 359 secretion, entry into host cell and parasite movement. Genes included in this list encode known 360 ookinete secreted or membrane associated proteins such as CTRP, SOAP, MAEBL, WARP, PLP3-361 5, PIMMS2, HADO, PSOP1, PSOP7, PSOP26, GAMA (aka PSOP9) and others, all of which were 362 downregulated in Δc43 parasites. The expression of the oocyst capsule protein Cap380 gene that 363 begins in ookinetes was also affected [27] . 364
These data could be explained by a smaller ratio of ookinetes to other parasite stages sampled from 365 the midgut at 24 hpbf in Δc43 infections compared to c507 infections. Although the data from the 366 ookinete melanization assays showed that differences between Δc43 and c507 in ookinete numbers 367 exiting the mosquito midgut were not statistically significant (P=0.0947), these differences were 368
almost 2-fold both with regards to median and arithmetic mean ( (Figure 5B, left panel) . However, these genes did not appear to follow any functional pattern, and 379 annotation enrichment analyses did not yield any significant results. In contrast, at 24 hpbf, and 380 although the number of identified genes was smaller (109 downregulated, 71 over 2-fold; 13 381 upregulated, 5 over 2-fold), most genes shown to date to be involved in systemic immune responses 382 of the complement-like system and downstream effector reactions, including TEP1, LRIM1, APL1C 383 and various clip-domain serine protease homologs, were downregulated (Figure 5B, right panel) . 384 Enrichment analysis confirmed that the serine protease/protease/hydrolase and the serine protease 385 inhibitor/protease inhibitor protein classes were significantly overrepresented in this gene list. When 386 considered together with the increased complement activity observed against Δc43 compared to the 387 c507 ookinetes, these data could suggest induction of a negative feedback mechanism to 388 downregulate this self-damaging innate immune response. However, most of these genes are 389 thought to be largely, and in some cases exclusively, expressed in hemocytes and fat body cells; 390 therefore, their detection as downregulated in midgut tissues cannot be easily explained. Thus, a 391 more possible explanation is that midgut infection by Δc43 ookinetes causes mobilization and 392 differentiation of hemocytes attached to the midgut tissues as shown previously [28] [29] [30] , causing a 393 temporal depletion of relevant transcripts from the midgut tissue. 394
We examined this hypothesis by measuring the abundance of transcripts encoding the three major 395 components of the complement-like system, TEP1, LRIM1 and APL1C, in the midgut and whole 396 body (excluding legs, wings and heads) of A. coluzzii mosquitoes infected with Δc43 or control 397
c507 parasites at 24 hpbf. Since the Δc43 phenotype was similar to the Δpbp47 phenotype [16] , and 398 because unpublished data indicated similar A. coluzzii midgut responses to the two mutant parasite 399 lines, transcript abundance in infections with Δpbp47 parasites were also examined. The results 400 revealed a striking difference in transcript abundance of all three genes between midgut and whole 401 mosquitoes (Figure S7) . In accordance with the RNA sequencing data, the relative transcript 402 abundance in infections with the two mutant parasite lines compared to control infections was lower 403
in the midgut but higher in whole mosquitoes. These data corroborate our hypothesis that ookinetes 404 lacking PIMMS43 or P47 trigger hemocyte mobilization and consequent depletion in the midgut 405 tissue. 406
Population genetics 407
It has been shown that Pfs47 presents strong geographic structure in natural P. falciparum 408 populations, both between continents and across Africa [31] [32] [33] . Furthermore, a small-scale 409 genotypic analysis of oocysts sampled from A. gambiae and A. funestus mosquitoes in Tanzania 410 revealed significant differentiation in Pfs47 haplotypes sampled from the two vectors [34] . These 411 data are consistent with natural selection of Pfs47 haplotypes by the mosquito immune system and a 412 key role of this interaction in parasite-mosquito coevolution [32] . However, a different study 413
showed that polymorphisms in the Pfs47 locus alone could not fully explain the observed variation 414
in complement-mediated immune evasion of African P. falciparum strains [35] . 415
We investigated the genetic structure of African P. falciparum populations with regards to 416
PfPIMMS43, and compared this to the structure of Pfs47, using a rich dataset of 1,509 genome 417 sequences of parasites sampled from 11 African countries in the context of the P. falciparum 418
Community Project (www.malariagen.net). The PfPIMMS43 analysis revealed significant 419 population differentiation as determined by the Fixation Index (F ST, ), mostly between populations of 420 some West or Central (Democratic Republic of the Congo, DC) and East African countries 421 (F ST >0.1; Figure 6A ). The PIMMS43 F ST profile does not fully match the F ST profile of Pfs47 that also presents strong 429 genetic differentiation between West and East Africa but is particularly strong for populations 430 sampled in Madagascar and Malawi versus West African and DC populations (Figure 6B) . The 431 most highly differentiated SNPs are within domain 2 (D2) of the protein (Dataset S3). A SNP 432 leading to substitution of Leucine-240 to Isoleucine (L240I) is almost fixed in Madagascar and 433
Ugandan versus West African populations, while a nearby SNP leading to the non-synonymous 434 substitution of Asparagine-271 to Isoleucine (N271I) is highly prevalent in DC versus all other 435 populations, especially those sampled from East Africa. Our analysis also detected all four SNPs 436 previously shown to differentiate between African (NF54) and New World (GB8) P. falciparum 437 laboratory lines and lead to amino acid substitutions in the D2 region that contribute to immune 438 evasion [36] ; however, these SNPs were neither highly prevalent nor did they present significant 439 geographic structure apart from that leading to Isoleucine-248 substitution to Leucine or Valine 440 (I258L/V) that is significantly prevalent (F ST >0.1) in sampled Ugandan populations. These data 441 concur with the hypothesis presented previously that polymorphisms in the D2 region of Pfs47, 442 even those leading to synonymous substitutions, can alter the parasite immune evasion properties 443 [36] . Finally, one of the substitutions defining the East versus West African differentiation is that of 444
Glutamate-27 to Aspartate (E27D) at the start of the mature protein. This SNP is almost fixed in 445
sampled Madagascar populations. 446
These data together reveal that PfPIMMS43 and Pfs47 exhibit significant geographic structure, 447 consistent with their deduced role in parasite immune evasion. They also suggest that different 448 selection pressures are exerted on each of these genes, which concurs with the hypothesis that the 449 East Africa; although its abundance and contribution to malaria transmission has been increasing 465
[40] it is unlikely that it has majorly contributed to structuring parasite populations. 466
Antibody-mediated transmission-blocking assays 467
We examined in both P. falciparum and P. berghei whether targeting PIMMS43 using antibodies 468 generated against each of the respective orthologous proteins could reduce parasite infectivity and 469 malaria transmission potential. For P. falciparum transmission-blocking assays, purified IgG α-470
Pfc43 opt antibodies were added to gametocytemic blood at final concentrations of 0, 50, 125 and 471 250 µg/mL prior to offering this as bloodmeal to female A. coluzzii mosquitoes through optimized 472 standard membrane feeding assays (SMFAs) [41] . Oocysts present in mosquito midguts at day-7 473 post feeding were enumerated. The results showed strong inhibition of both infection intensity and 474 infection prevalence in an antibody dose-dependent manner (Figure 7A , Table S9 ). At 125 and 250 475 µg/mL of antibody following four biological replicates, the overall inhibition of infection intensity 476 observed was 57.1% and 76.2%, and the overall inhibition of infection prevalence was 37.3% and 477 35.6%, respectively (P<0.0001). 478
Similar results were obtained with P. berghei transmission upon addition of α-Pbc43 Sf9 antibodies 479 to blood drawn from infected mice and provided to mosquitoes as bloodmeal in SMFAs. 480
Statistically significant inhibition of both infection intensity and prevalence was detected at all 481 antibody concentrations tested, i.e. 50, 100 and 250 µg/mL, in an antibody dose-dependent manner 482 (Figure 7B , Table S10 ). At 100 µg/mL, the inhibition of oocyst intensity was 72.7% and the 483 inhibition of infection prevalence was 35.5%, and these values increased to 90.3% and 65.6% at 484 250 µg/mL, respectively (P<0.0001). 485
A recent study has shown that antibodies binding a 52 amino acid region of Pfs47 confer strong 486 transmission blocking of laboratory P. falciparum strains in A. gambiae [42] . In the same study, 487
antibodies binding different regions of the protein showed either weak or no transmission blocking 488 activity, consistent with an earlier study reporting that none of three monoclonal antibodies against 489
Pfs47 could affect P. falciparum infections in A stephensi [43] . These findings agree with the 490 general understanding that antibodies binding different regions of a targeted protein can have 491 profound differences in their blocking activity, especially when antibodies have a primarily 492 neutralizing function [44, 45] . Indeed, our polyclonal α-Pbc43 opt antibody raised against codon-493 optimized PbPIMMS43 expressed in E. coli cells did not confer any transmission blocking activity 494 against P. berghei (data not shown) despite producing strong signals in western blot analyses and 495 immunofluorescence assays (see Figures 1 and 2) . However, antibodies against fragments of 496 PSOP25 (synonym of PIMMS43) expressed in E. coli cells have been previously shown to inhibit 497 P. berghei infection in A. stephensi [21, 46] , albeit not as strongly as our α-Pbc43 Sf9 antibodies. 498
Concluding remarks and perspectives 499
We demonstrate that PIMMS43 is required for parasite evasion of the mosquito immune response, a 500 role also shared by P47 in both P. falciparum and P. berghei [14, 16] . The mechanism by which 501 these molecules exert their function is unclear. A general explanation may lie with their GPI 502 constituents or with their structural role in the formation of the ookinete sheath. On the one hand, 503
Plasmodium GPIs are known to modulate the vertebrate host immune system [47] , and studies have 504
shown that mosquitoes mount a specific immune response against GPIs [48, 49] . On the other hand, 505
the integrity of the ookinete sheath may be important for counteracting attacks by or acting as 506 molecular sinks of free radicals produced during traversal of midgut epithelial cells [5, 6] . 507
Ookinetes lacking such membrane proteins may be unable to sustain these attacks and thus be 508
irreversibly damaged and subsequently eliminated by the mosquito complement-like response. In 509 relation to this, a specific function could be attributed to the conserved cysteine residues present in 510 these proteins. Apart from their role in forming disulphide bridges thus serving a structural purpose, 511 the ability of cysteine thiol groups to regulate the redox potential may be relevant [50] . 512
Interestingly, midgut infection with P. berghei is shown to inhibit the expression of catalase that 513 mediates the removal of free radicals, and silencing catalase exacerbates ookinete elimination [51] . 514
Nonetheless, population genetic analyses indicate a more specific role of the two proteins in 515 parasite-mosquito interactions and co-adaptation. 516
Notwithstanding their exact function in parasite immune evasion, PIMMS43, P47 and possibly 517 other proteins involved in parasite immune evasion are good targets of interventions aiming to 518 block malaria transmission in the mosquito. One such approach is transmission blocking vaccines 519 (TBVs) aiming at generating antibodies in the human serum which, when ingested by mosquitoes 520 together with gametocytes, interfere with the function of these proteins and block transmission to a 521 new host [52] . Several putative TBVs are currently being investigated at a pre-clinical stage, 522
including those targeting the gametocyte and/or ookinete proteins Pfs230, Pfs48/45 and Pfs25 [53] . 523
Another, more ambitious approach is the generation of genetically modified mosquitoes expressing 524 single-chain antibodies or nanobodies which bind these proteins conferring refractoriness to 525 infection and leading to malaria transmission blocking [54, 55] The P. berghei ANKA lines used here include: cl15cy1 (2.34), which is the reference parent line of 541 P. berghei ANKA, 507m6cl1 (c507) that constitutively expresses GFP integrated into the 230p gene 542 locus (PBANKA_0306000) without a drug selectable marker [22] ; 1804cl1 (c1804) that 543 constitutively expresses mCHERRY integrated into the 230p locus without a drug selectable marker 544
[23], and 2. 33 [59] that is non-gametocyte producer and was used for asexual blood stage 545 production. These lines were maintained in CD1 and/or Balb/c female mice (8-10 week old) by 546 serial passage. Culturing and purification of P. berghei asexual blood stages, gametocytes and 547 ookinetes were carried out as described [22] . 548 P. falciparum maintenance and culturing 549 P. falciparum maintenance and culturing was performed as described [41] . Briefly, human red 550 blood cells (hRBCs) were used for the maintenance of asexual blood stages and gametocyte culture 551 of the P. falciparum NF54 strain. hRBCs of various blood groups were provided by the UK 552
National Blood Service and used in the following order of preference: O+ male, O+ female, A+ 553 male and A+ female blood types. Donor blood was screened for human pathogens, aliquoted in 50 554
mL Falcon tubes and centrifuged for the removal of serum and maintained at 4°C for up to two 555 weeks post-delivery. PfNF54 culture was maintained in complete medium (CM) composed of 556 RPMI-1640-R5886 (Sigma), 0.05 g/L Hypoxanthine, 0.3 mg/L L-glutamine powder-(G8540-25G 557
Sigma) and 10% sterile human serum of A+ serotype. Human serum was purchased from Interstate 558
Blood Bank Inc., Memphis, Tennessee (no aspirin 2 hours prior to drawing, no anti-malarial 559 treatment 2 weeks prior to drawing, and screened for common human pathogens). Quality control of 560 the provided serum was tested by in vitro exflagellation test at days 14 and 16 post gametocyte 561
induction. Set up of PfNF54 asexual culture was performed in T25 cm 2 flasks containing a final 562 volume of 500 µL of hRBCs (0.3-4% infection) and 10 mL of CM volume, kept at 37°C incubation 563 and supplemented with "malaria gas" [3% O 2 /5% CO 2 /92% N 2 (BOC Special Gases, cat. no. 564
226957-L-C)]. Gametocyte cultures were initiated by diluting the continuous sexual culture (3-4% 565 ring forms) to 1% ring forms by the supply of fresh hRBCs. Gametocyte cultures were kept at 566 constant temperature of 37°C until day 14 ensuring daily exchange of around 75% of the medium 567 per flask. Parasitemia was assessed by Giemsa stained blood smears and gametocytemia and density 568 of viable mature stage V gametocytes at day 14 post-induction were assessed by Giemsa stained 569 blood smears and by testing in vitro exflagellation of male gametocytes respectively. 570
Mosquito infections 571
The mosquito strains used were N'gousso (A. coluzzii, previously M form A. gambiae) and SDA 572 500 (A. stephensi). P. berghei mosquito infections were carried out by direct feeding of naïve or 573 gene kd (see below) mosquitoes on mice with parasitaemia of 5-6% and gametocytaemia of 1-2%. 574
Blood fed mosquitoes were maintained at 19-21°C, 70-80% humidity and 12/12 hours light/dark 575 cycle. P. berghei mosquito infections were also carried out by standard membrane feeding as 576
described below (P. berghei Standard Membrane Feeding Assay). P. falciparum mosquito 577 infections were carried out by standard membrane feeding as described below (P. falciparum 578
Standard Membrane Feeding Assay). 579
RT-PCR and Quantitative RT-PCR 580
Total RNA was extracted from parasites of P. falciparum NF54, P. berghei c507, P. berghei Δc43 581 and P. berghei Pfc43 , and from naïve or LRIM1 kd mosquitoes infected with either P. falciparum 582 NF54, P. berghei c507 and P. berghei Δc43, using TRIzol® reagent (ThermoFisher) according to 583 the manufacturer's instructions. Reverse transcription was performed on 2 µg of total RNA using 584 the Primescript Reverse Transcription Kit with a mixture of oligo-dT primers and random hexamers 585 (Takara) after TURBO™ DNase (ThermoFisher) treatment. For RT-PCR, the resulting cDNA and 586 gene specific RT-PCR primers were used in PCR of P. falciparum and P. berghei PIMMS43 (Table  587 S11). Parasite stage specific control P. falciparum genes, Pfs25 and PfCSP, and P. berghei genes, 588
P28 and CTRP, and constitutively expressed GFP in P. berghei were also amplified using gene 589 specific RT-PCR primers (Table S11 ). For qRT-PCR, SYBR green (Takara) and gene specific qRT-590 PCR primers (Table S11) were used according to the manufacturer's guidelines. Expression of 591
PbPIMMS43 was normalized against GFP and expression of TEP1, LRIM1 and APL1C was 592 normalized against S7 using the ∆∆Ct method. 593
Expression and purification of recombinant P. falciparum and P. berghei PIMMS43 in E. coli 594
PfPIMMS43 and PbPIMMS43 comprising the complete ORF was engineered (GeneArt, 595 ThermoFisher) to contain codons allowing for optimal expression in E. coli and termed 596
PfPIMMS43 opt /Pfc43 opt and PbPIMMS43 opt /Pbc43 opt , respectively. A Pfc43 opt fragment encoding aa 597 25-481 and a Pbc43 opt fragment encoding aa 22-327 that both excludes the signal peptide and the C-598
terminal hydrophobic domain were amplified with primers containing overhangs for homology to 599 the insertion vector and containing a NotI recognition site (Table S11 ). These fragments were 600 cloned into a NotI digested protein expression vector plasmid, pET-32b (Novagen), using In-Fusion 601
Cloning (Takara). Shuffle T7 E. coli cells (NEB) containing the recombinant protein expression 602 plasmid were grown at 30°C and induced with 1 mM isopropyl-1-thio-β-d-galactopyranoside at 603
19°C for 16 h. Cells were harvested by centrifugation and lysed using bugbuster-lysonase 604 (Novagen) containing Protease Inhibitors (cOmplete EDTA-free, Roche). Cell debris were removed 605 by centrifugation. Both proteins were expressed as a 6xHistidine and thioredoxin tagged versions. 606
The Pfc43 opt recombinant protein was soluble and purified by cobalt affinity chromatography using 607 TALON® metal affinity resin (Takara) under native conditions in phosphate buffered saline (PBS), 608 pH 7.4. The Pbc43 opt recombinant protein was extracted from inclusion bodies using the Inclusion 609
Body Solubilization Reagent (ThermoFisher). The solubilized protein was also purified using 610 TALON® metal affinity resin, however under denaturing conditions in 8M urea in PBS, pH 7.4. 611
Refolding of Pbc43 opt was carried out in decreasing concentrations of urea in PBS. Protein samples 612
were analyzed by SDS-PAGE to determine purity prior to their use for immunization in rabbits for 613 the generation of the polyclonal antibodies α-Pfc43 opt and α-Pbc43 opt . 614
Expression and purification of recombinant P. berghei PIMMS43 in Sf9 Insect cells 615
A 930 bp fragment of endogenous PbPIMMS43 encoding aa 22-331 that excludes the signal peptide 616 and includes four amino acids of the C-terminal hydrophobic domain was amplified from cDNA 617 prepared from 24 h in vitro ookinetes with primers containing overhangs for homology to the 618 insertion vector (Table S11 ). This fragment was cloned by ligation independent cloning into the 619 linearized pIEX-10 EK-LIC vector which carries a C-terminal 10xHis tag (Novagen) to generate 620 pIEX-10: Pbc43-SP/TM. A stable line expressing the recombinant protein was generated by co-621 transfection of pIEX-10: Pbc43-SP/TM and pIEX-10: of the PbPIMMS43 coding region and part of the 3'UTR was amplified as a XhoI and SmaI 709 fragment using primers P18 and P19 respectively. These fragments were cloned into pL0035 and 710 the targeting cassette was released by HindIII and SmaI digestion. 711
To re-introduce PbPIMMS43 into the Δc43 ko parasite, the transgenic parasite Δc43::c43 wt was 712 created. A 3.5 kb upstream region that includes the PbPIMMS43 ORF and its 5'UTR and 3'UTR 713 was amplified as a HindIII and SacII fragment using primers P22 and P23 respectively. A 518 bp 714
downstream region corresponding to the PbPIMMS43 3'UTR was amplified as a XhoI and SmaI 715 fragment using primers P24 and P25, respectively. These fragments were cloned into the pL0035 716 vector and served as homology regions for homologous recombination at the Δc43 ko locus in the 717 c507 line. The targeting cassette was released by HindIII and SmaI digestion. 718
Transfection of linearized constructs, selection of transgenic parasites and clonal selection was 719 carried out as described previously [22] . 720
Genotypic analysis of transgenic parasites 721
Purified blood stage parasites were obtained after white blood cells removal using hand packed 722 cellulose (Sigma) columns and red blood cell lysis in 0.17M NH 4 Cl on ice for 20 min. Genomic 723 DNA was extracted from parasites using the DNeasy kit (Qiagen). Detection of successful 724 integration events or maintenance of the unmodified locus was performed by PCR on genomic 725 DNA using primers listed in Following a 10 min incubation at RT, exflagellation was observed and counted in a standard 735 haemocytometer at 40X magnification using a light microscope. Exflagellation was compared to the 736 male gametocytaemia determined from Giemsa stained blood smears. 737
Macrogamete to ookinete conversion assays 738
For in vitro assays, 100 µL of a 24 h in vitro ookinete culture was pelleted, washed in PBS and 739 resuspended in the same volume of fresh ookinete media. For in vivo assays, the blood bolus of 10 740 mosquitoes at 17-18 hpbf was pelleted, washed in PBS and resuspended in 50 µL of fresh ookinete 741 media. The suspension was then incubated with a Cy3-labelled 13.1 mouse monoclonal α-P28 (1:50 742 dilution) for 20 min on ice. The a-P28 antibody was conjugated with the Cy3 fluorescent dye using 743 the Cy®3 Ab Kit GE Healthcare (Sigma-Aldrich) according to the manufacturer's instructions. The 744 conversion rate was calculated as the percentage of Cy3 positive ookinetes to Cy3 positive 745 macrogametes and ookinetes. 746
Ookinete motility assays 747
Ookinete motility assays were performed as previously described [66] . Briefly, 24 h in vitro 748 ookinete culture was added to Matrigel (BD biosciences) on ice in a 1:1 ratio, mixed thoroughly, 749 dropped onto a slide, covered with a Vaseline rimmed cover slip, and sealed with nail varnish. The 750
Matrigel-ookinete mixture was let to set at RT for 30 min. Time-lapse microscopy (1 frame every 5 751 seconds, for 10 min) of ookinetes were taken using the differential interference contrast (DIC) 752 settings with a 40X objective lens on a Leica DMR fluorescence microscope and a Zeiss Axiocam 753
HRc camera controlled by the Axiovision (Zeiss) software. The speed of individual ookinetes was 754 measured using the manual tracking plugin in the Icy software package 755 (http://icy.bioimageanalysis.org/). 756
Gene silencing in A. coluzzii 757 cDNA was prepared from total RNA extracted (as described above) from A. coluzzii midgut 758 infected with P. berghei c507, at 24 hpbf. The cDNA was used in the amplification of CTL4, LRIMI 759
and TEPI using primers with T7 overhangs as reported in [67, 68] . The resulting T7 PCR products 760 and the T7 high yield transcription kit (ThermoFisher) was used to produce dsRNA. DsRNA was 761 purified using the RNeasy kit (Qiagen) and 0.2 µg in 69 nL was injected into the thorax of A. 762
coluzzii mosquitoes using glass capillary needles and the Nanoject II microinjector (Drummond 763 Scientific). Injected mosquitoes were left for 2-3 days before P. berghei infection. 764
Ookinete invasion assay 765
CTL4 kd A. coluzzii mosquitoes were infected with c507 wt or Δc43 parasite lines by direct feeding. 766 At 4 dpbf, following midgut dissection, melanized parasites were visualized under the light 767 microscope and counted. 768
Ookinete injections in mosquito haemocoel 769
24 h in vitro ookinetes was adjusted with RPMI 1640 to achieve an injection concentration of 800 770 ookinetes per mosquito as described previously [69] . This was injected into the thorax of A. coluzzii 771 mosquitoes using glass capillary needles and the Nanoject II microinjector. Salivary gland 772 sporozoites were counted at 21 dpbf. 773
Imaging and enumeration of parasites 774
Following dissection, infected midguts tissues were fixed in 4% PFA in PBS for 20 min at room 775 temperature and washed twice for 5 min each in PBS. Fixed midguts were mounted in 776
Vectashield® (VectorLabs) and oocysts or melanised ookinetes were enumerated using light and/or 777 fluorescence microscopy. Oocyst images and sizes were also analyzed using fluorescence 778 microscopy. Oocyst and salivary gland sporozoite numbers at 15 and 21 dpbf respectively were 779 counted using a standard haemocytometer, in 3 technical replicates of homogenates of 10 P. berghei 780 infected A. coluzzii midguts or salivary glands. 781
Mosquito to mouse transmission 782
For each independent experiment, at least 30 P. berghei infected mosquitoes were allowed to feed 783 on 2-3 anaesthetized C57/BL6 mice at 20-22 dpbf. Parasitaemia was monitored up until 14 days 784 post mosquito bite by Giemsa stained tail blood smears. 785 replicates. To filter out the biological or technical noise from the actively expressed genes, an 806 FPKM cutoff was selected that is based on an implementation of the zFPKM normalization method 807 described previously [76] . Functional classification of P. berghei differential regulated genes were 808 performed in PlasmoDB (http://plasmodb.org/plasmo/) using the P. berghei full genome as a 809 reference genome. PANTHER (v13.1; http://pantherdb.org) [77] was used for functional 810 classification of A. gambiae differentially regulated genes. The RNA sequencing data were 811 deposited to and can be downloaded from the European Nucleotide Archive with experiment codes 812 ERX3197375-410. 813 Population genetics analysis 814
RNA-sequencing library preparation
The genome sequences of 1,509 African P. falciparum samples determined in the context of the P. 815
falciparum Community Project were obtained from the MalariaGen website 816 (http://www.malariagen.net/data). They include samples from 11 African countries including 817
Gambia (73), Guinea (124), Mali (87), Burkina Faso (56), Ghana (478), DR of the Congo (279), 818
Uganda (12), Kenya (52), Tanzania (68), Malawi (262) and Madagascar (18). Call of SNPs found in 819
PfPIMMS43 and Pfs47 exonic sequences were based on the 3D7 reference genome assembly 820 version 6.0 (Jan. 2016). F ST values were calculated using the R (v.3.2.1) packages gdsfmt and 821 SNPRelate [78] by considering (a) all SNPs across each gene and all populations within a given 822 country and (b) each individual SNP sampled from populations in each of the 11 African countries 823 (F ST total) and in pairwise country comparisons. 824 P. falciparum standard membrane feeding assays (SMFAs) 825 SMFA was carried out as described previously [41] . Briefly, day 14, stage V gametocytes cultures 826
were pooled in a pre-warmed tube containing 20% v/v uninfected serum-free hRBCs and 50% v/v 827 heat-inactivated human serum. The α-Pfc43 opt antibodies were added to the gametocytemic blood 828 mix in pre-warmed Eppendorf tubes to final antibody concentrations of 50, 125 and 250 µg/mL, in 829 a final volume of 300 µL. This was immediately transferred to pre-warmed glass feeders kept a 830 constant temperature of 37°C. A negative control mix containing no α-Pfc43 opt antibodies was also 831 set up. Blood fed mosquitoes were maintained at 27°C, 70% humidity and 12/12 hours light/dark 832 cycle. On 7 dpbf, midguts were dissected as described above and infection intensity and prevalence 833 recorded using light microscopy. 834
P. berghei SMFAs 835
SMFA was carried out as described previously [79] . Briefly, female An. stephensi mosquitoes were 836 starved for 24 h prior to feeding on P. berghei infected blood. For each feed, 350 µL of heparanized 837 P. berghei ANKA 2.34 infected blood containing asexual parasite and gametocyte stages with a 838 parasitaemia of 5-6% and gametocytaemia of 2-3% was mixed with 150 µL of PBS containing 839 either α-Pbc43 or the isotopic monoclonal UPC10 (negative control) (Sigma) antibodies to yield 840 final antibody concentrations of 50, 100 and 250 µg/mL. Blood fed mosquitoes were maintained as 841 described above. On 10 dpbf, mosquito midguts were dissected as described above and oocyst 842 intensity and prevalence were recorded. 843
Statistical analysis 844
Statistical analysis for exflagellation, ookinete conversion, motility assays and TEP1 ookinete 845 binding was performed using a two-tailed, unpaired Student's t-test. For statistical analyses of the 846 oocyst or melanized parasite load (infection intensity) and presence of oocysts (infection 847 prevalence), p values were calculated using the Mann-Whitney test and the Fishers exact test, 848
respectively. Statistical analyses were performed using GraphPad Prism v7.0. The generalized 849 linear mixed model (GLMM) was used to also determine statistical significance in oocyst infection 850 intensity in transmission blocking assays. GLMM analyses were performed in R (version 2.15.3) 851
using the Wald Z-test on a zero-inflated negative binomial regression (glmmADMB). The various 852 treatments were considered as covariates and the replicates as a random component. 
